Production of methane in the hindgut of the cockroach Periplaneta americana was found to vary, depending on the feeding regimen. Methane production was positively correlated with the numbers of the ciliate Nyctotherus ovalis living in the cockroach hindgut. Defaunation of the cockroaches by means of low concentrations of metronidazole (Flagyl) resulted in a quick drop of methane production. Addition of the methanogenic substrates acetate and formate to isolated hindguts stimulated methane production. Inside the ciliate cells, autofluorescing bacteria could be demonstrated which were presumed to be methanogens. Electron microscopy revealed that the bacteria resembled Methanobrevibacter and that they were closely associated with organelles which contained infolded membranes and which were presumably hydrogenosomes.
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The anaerobic environment in the gastrointestinal tract of herbivorous animals stimulates the development of specific microbial communities, composed of bacteria, fungi, and protozoa. These intestinal microorganisms are considered to be beneficial to the host rather than harmful. The microbial ecology of the rumen and the termite hindgut has been studied extensively, and many genera of bacteria and protozoa inhabiting these ecosystems have been described (1, 11) .
Besides the mutualistic associations between intestinal microorganisms and herbivorous animals, numerous symbiotic interrelationships also exist between microorganisms themselves in ruminant and hindgut ecosystems (4, 5, 11) . Various interactions have been reported to occur between bacteria and protozoa in these ecosystems (11, 13, 18) .
A novel type of association between ruminal ciliates and hydrogenotrophic methanogenic bacteria was described by Vogels et al. (21) and Stumm et al. (16) . Since these methanogens, presumably Methanobrevibacter ruminantium, were attached to the outer surface of the ciliate cells, the association was referred to as an episymbiosis. It was suggested that the metabolic interaction between both partners in the symbiosis was based on interspecies hydrogen transfer. More recently, Lee et al. (14) reported a similar symbiosis of methanogenic bacteria with flagellated protozoa from termite hindgut, but here the methanogens were located inside the protozoan cell. These findings, together with the discovery of methanogenic endosymbionts in sapropelic ciliates by van Bruggen et al. (19) , suggest that the methanogen-protozoa symbiosis may be a common feature of many anaerobic ecosystems.
So far, work on the microbial ecology of the cockroach hindgut has been fragmentary. Production of considerable amounts of methane by cockroaches is a well-known phenomenon, and it indicates the presence of methanogenic bacteria. The site of methane production has been shown to be the hindgut (5 To determine methane production in the hindgut of P. americana, adult insects were dissected under a continuous stream of nitrogen gas. Hindguts from six insects from each cockroach culture were cut into pieces and pooled in 12 ml of Metronidazole treatment. In one of the cockroach cultures (culture V), the antiprotozoal drug metronidazole (Flagyl) was added to the drinking water at a concentration of 0.1 mg/ml. Both short-term (days 1 to 8) and long-term (after 3 months) effects of metronidazole treatment on methane production and on number of N. ovalis cells in hindguts were studied. The short-term effects were studied in cockroaches which were taken from cockroach culture IV and were subsequently treated in a separate container.
Determination of ciliate numbers. Ciliate enumeration was done on homogeneous samples obtained by suspending the hindguts of four insects into 1 ml of buffer (8) and cutting them into small pieces. After thorough rinsing of the hindgut fragments, ciliates were fixed by addition of formaldehyde to a final concentration of 4%. The number of N. ovalis cells was determined microscopically by using a counting chamber (0.2 mm deep). The results obtained by this method were checked several times by counting all N. ovalis cells in a 20-,ul diluted hindgut suspension. Ciliate counting was repeated several times on different days to compensate for possible daily fluctuations. Average hindgut volume for cockroaches from each culture was estimated by determining the total volume of four to six pooled hindguts.
Microscopy. The presence of methanogenic endosymbionts was checked by means of Leitz epifluorescence microscopy, as described by Doddema and Vogels (6 Statistical significance of differences between different cultures was assessed by using the single-factor analysis of variance method.
RESULTS
Methane production by intact adults and by isolated hindguts of wild P. americana cultured on different substrates is shown in Table 2 . The production of methane by intact adults appeared to be significantly higher (P < 0.001) for cockroaches fed on cellulose-fish and maize flour diets (1.68 to 1.81 ml/insect/day) compared with the diet types in cultures II and III (0.93 to 1.03 ml/insect/day). The amounts of methane produced by isolated hindguts were somewhat lower than those produced by intact insects. Differences in methane production between various cockroach cultures, however, were comparable for intact insects and hindguts.
Methane production by isolated hindguts could be increased by addition of acetate or formate as external methanogenic substrate ( Table 2 ). The addition of acetate had only a minor positive effect on methane production, whereas the addition of formate resulted in more than doubling of the methane production rate.
Adult cockroaches used in the experiments weighed between 0.9 and 1.8 g. The average weight of cockroaches in the various cultures I to IV, however, did not show any significant difference. The least significant difference was calculated to be 0.25 g. Metronidazole-treated insects (culture V) had a lower average weight, which was significantly different (P < 0.001) from cockroaches in cultures I and IV (Table 3) . Therefore, the differences in methane production Electron microscopy showed that the bacteria in the cytoplasm of N. ovalis were short, oval rods (0.3 by 0.5 p.m) with tapered ends, resembling the Methanobrevibacter morphotype ( Fig. la and b) . Division stages were frequently encountered. Most of the bacteria appeared to be closely associated with organelles that had an irregular shape and strikingly resembled the hydrogenosomes described from several free-living anaerobic protozoa (17, 22) . In many of the hydrogenosome-like organelles of N. ovalis internal membranes could be seen (Fig. lc) . The methanogenic bacteria and the associated hydrogenosome-like organelles were not evenly spread throughout the ciliate cytoplasm, but formed clusters or packages (Fig. la) .
Addition of the antiprotozoal drug metronidazole to the drinking water (0.1 mg/ml) had pronounced effects on both methane production and the size of the N. ovalis population in the hindgut. Addition of metronidazole over periods of 3 months or longer resulted in a virtually complete inhibition of methane production by both intact cockroaches and hindgut suspensions (Table 2) . Careful microscopic observation of the hindgut content revealed that N. ovalis was completely eliminated from hindguts of metronidazoletreated animals (Table 4) .
To study the short-term effects of metronidazole, methane production and the number of N. ovalis cells were determined for a period of 8 days after the start of metronidazole treatment (Fig. 2) . The results of this experiment revealed that N. ovalis cells were eliminated from the hindgut within 3 days after the metronidazole treatment started. Methane production was reduced to about 6% of the control value within the same period of time.
The rate of population increase of the cockroaches also appeared to be affected by the different diets applied. The number of cockroaches grown on cellulose and maize flour diets doubled after every 2 to 3 months, whereas on the fish flour diet the doubling time appeared to be more than 5 months. When cockroaches were fed on pure cellulose, without addition of NH4Cl to the drinking water, there was virtually no increase in number over a period of 12 months. This was probably due to nitrogen deficiency. The cockroach culture treated with metronidazole showed doubling times of about 9 months.
DISCUSSION
The production of methane by cockroaches is a wellknown phenomenon. Cruden and Markovetz (4) reported values of 5.4 to 13.4 ml/day in laboratory-raised Eublaberus posticus as well as substantial amounts by laboratory-raised P. americana, wild P. americana, and Gromphadorhina sp. In this study, methane emissions from wild P. americana adults were six to seven times lower than those reported for E. posticus. The differences may be accounted for by differences in the diets used and by species differences such as a major difference in body weight (E. posticus weighs about 2 to 4.5 g).
Cruden and Markovetz (5) reported methane production in cockroaches, originating from their hindguts, though at this site no H2 was detectable. It was shown that the major source for methanogenesis in the hindgut is formate or H2/CO2 and not acetate. Our results, however, suggest that methane production from acetate occurs at least to some extent.
Our observation that methanogens in the hindgut of wild P. americana were found in great numbers as endosymbionts of the anaerobic ciliate N. ovalis provides new information on the origin of methane production by cockroaches. N. ovalis was only found in the hindgut and methanogens were not found in association with any other protozoal species in the cockroach hindgut or midgut system. Moreover, only very few free-living methanogens were observed microscopically in the cockroach hindgut. This suggests that the methanogenic endosymbionts of N. ovalis are the major source of methane production in P. americana.
It is improbable that the considerable decrease of methane production in cockroaches during metronidazole treatment might be due to direct inhibition of the methanogenic bacteria, as the concentration applied in this study (0.1 mg/ml) was only about 10% of the concentration used in other studies (3, 4) . Moreover, treatment of anaerobic methanogenic sludge with metronidazole (0.1 mg/ml) did not inhibit methane production, not even over extended periods of time (results not shown). Consequently, the cessation of methane production from the cockroaches can most probably be attributed to the elimination of N. ovalis cells which serve as a host for the methanogens. The morphological similarity of the N. ovalis endosymbiont to Methanobrevibacter suggests that the endosymbiont might consume H2/CO2, as is true for both Methanobrevibacter and the methanogens hitherto isolated from free-living anaerobic protozoa (9, 20) . The methanogenic endosymbionts of many of the latter organisms exist in a close spatial association with organelles which are thought to be hydrogenosomes, providing hydrogen as an energy source for the bacteria (17, 22) . Apparently, a similar situation is present in the gut-inhabiting N. ovalis, in which we find the methanogens intimately associated with hydrogenosome-like structures. Thus, also in the N. ovalismethanogen system an interspecies hydrogen transfer can be supposed to be the physiological basis of the symbiosis. It is noteworthy in this context that packages of bacteria and organelles, morphologically similar to the methanogens and hydrogenosome-like organelles described here, are also visible on electron microscopic photographs of N. ovalis thin (2, 19) , termite hindgut flagellates (14) , and ruminal ciliates (16, 21) , the occurrence of methanogens as endosymbionts of a cockroachinhabiting ciliate suggests that the methanogen-protozoa symbiosis might be a general feature of many anaerobic ecosystems.
In several sapropelic protozoa the microbodies were shown to possess hydrogenase activity, thereby revealing their hydrogenosomal nature (7, 22) . However, the physiological significance of the hydrogenosome-like organelles of N. ovalis needs further elucidation. The internal membranes present in these organelles resemble the cristae of mitochondria and are similar to those found in the hydrogenosomes of Trimyema compressum (10) and several anaerobic protozoa examined by Finlay and Fenchel (7) . The ultrastructure of the methanogen-associated organelles of N. ovalis can be interpreted to favor their hypothesis on a mitochondrial origin of hydrogenosomes (7) . More studies are required to elucidate both the nature and function of the hydrogenosome-like organelles and the ecological significance of the symbiosis of methanogenic bacteria and the protozoan cell.
